The 1993 and 1994 observations mainly relate to the lead-
INTRODUCTION
of liquid hydrocarbons and nitrogen have been proposed based on theoretical considerations and on the results of A few months before the launch of the Cassini-Huygens ESA-NASA mission, interest in Titan, its complex atmo-the Voyager 1 flyby (Sagan et al. 1982 , Lunine et al. 1983 , Lellouch et al. 1989 . In contrast, radar observations (Muhsphere, and the still-controversial nature of its surface remained at a high level in the scientific community.
leman et al. 1990) , supported by infrared photometric and spectroscopic data, suggest that the surface should be hetThe purpose of this paper is to report recent advances in observations of Titan which improve our understanding erogeneous and mostly solid (ice) (Griffith and Owen 1992 , Noll et al. 1993 of the physical structure and the chemical nature of the satellite's surface, thus helping to optimize the Cassini-1995 Cassini- , 1997 .
Obviously, direct imaging of the ground of Titan proHuygens observing sequences, as well as to prepare shortterm ground-based supporting programs with the forth-vides unique opportunities to help resolve this controversial question. But the atmosphere of Titan is opaque at coming 8-m class telescopes, in particular the VLT in Chile. Spatially resolved images of Titan have been recorded to most wavelengths, either due to molecular absorptions (mainly methane bands) or to backscattering of the incomdate at the 3.6-m ESO telescope, equipped with the COME-ON PLUS system of adaptive optics, in October ing solar light by stratospheric aerosols as shown in the Voyager 1 visible images. In these images, only a faint image of Titan's surface by means of adaptive optics (Saint-Pé et al. 1993 ) and a test image with the HST wide-field hemispherical albedo asymmetry could be observed-the northern hemisphere appearing darker than the southern. planetary camera (Smith and Lemmon 1993) have confirmed these possibilities of resolving Titan's surface feaThis asymmetric structure has been connected with a large temperature field asymmetry and interpreted as being due tures.
In this paper, we will report results obtained at ground to dynamical inertia forcing the atmosphere to lag behind the insolation (Flasar and Conrath 1990) and/or to the with adaptive optics (AO). Since AO is a new technique, at the highest efficiency level of modern optics, it should observed asymmetric distribution of the opacity sources . The Titan North Pole showed en-be useful to describe in some detail: hanced haze and minor gaseous components at the time -The purpose of adaptive optics, the way it works, of the Voyager encounter (Nov. 1980 ) with respect to the and the more recent functionalities of the used instrument south (Coustenis et al. 1991, Coustenis and . (Section 2) ; This situation is expected to undergo seasonal effects, so -The observing strategy (Section 3); that two Titan seasons (or 15 years) later, in 1995, this -The results from raw data at first processed-level (Secasymmetry is predicted to be reversed. The reversal was tion 4); actually observed first by Caldwell et al. (1992) . In the -The final data processing steps (Section 5); visible, the South Pole should at present appear darker, -The final results of the reported observations (Secbut in the near-infrared the effect is reversed. tion 6); During the definition phase of the Cassini-Huygens mis--The significance of these results for our understanding sion, Combes and Encrenaz (1984) and independently To-of Titan physics (Section 7). masko et al. (1984) have shown that transparent windows should exist in Titan's atmosphere at wavelengths where 2. ADAPTIVE OPTICS the absorption by methane and other hydrocarbons is low and where-simultaneously-the extinction due to scatThe purpose of adaptive optics (AO) is to compensate in real time the distortions of the incident wavefront which tering is faint. Indeed two antagonistic behaviors are competing: the incoming solar flux, and as a consequence the are induced by atmospheric turbulence and thus to produce nearly diffraction-limited images. The Space Research Derecorded signal, is rapidly decreasing with increasing wavelengths while the attenuation or smoothing of the contrast partment of Paris Observatory (DESPA) has developed in collaboration with French companies, for the European of surface features due to atmospheric scattering is rapidly increasing with decreasing wavelengths. The most favor-Southern Observatory, the first adaptive optics system devoted to astronomy and open to the scientific community able spectral ranges lie in the near infrared around 4.9, 2.0, 1.6, 1.3, 1.1, 0.9, and 0.8 Ȑm, where atmospheric ''windows'' as a facility (COME-ON, upgraded to COME-ON PLUS, and now ADONIS). The description of the system is given occur between strong methane absorption bands and where the scattering optical depth remains significantly in Rigaut et al. (1991) and Saint-Pé et al. (1993) . The improvements implemented recently in ADONIS are debelow unity. This has been confirmed by the various photometric and spectroscopic infrared observations, quoted scribed by Lé na (1994, 1995) .
The principles of adaptive optics have been proposed above, suggesting surface heterogeneities. Observations of Titan's surface will be performed in these windows by by Babcock (1953) . The incident wavefront coming from a stellar source does not remain planar when propagating the descent imager spectral radiometer (DISR) and visual infrared mapping spectrometer (VIMS) instruments of the through the atmosphere due to the phase perturbations induced by atmospheric turbulence. As a result the Cassini-Huygens mission, but not before 2004.
From the Earth, imaging Titan is a difficult task due to ''seeing-disk'' formed at the telescope focus is much larger than the Airy diffraction pattern and is very unstable. In its small angular diameter which is similar to the limit of observing in very good conditions (0.8 arcsec), so that Titan an adaptive optics system the wavefront distortions are measured continuously. Then phase corrections, opposite cannot be spatially resolved even from the best observing sites. There are two ways to overcome these limitations: to the measured distortions, are applied in the optical path.
In practice, the main mirror is reimaged onto a small and either by using the Hubble Space Telescope (in the 0.9-and 1.1-Ȑm windows only, at the time of observations) or very thin deformable mirror acting as a phase corrector.
The light beam is divided in two parts, one to determine by means of adaptive optics associated with a large groundbased telescope in the 1.3-2.5-Ȑm range, where adaptive the phase distortions by use of a wavefront analyzer and the other to form the corrected image. The atmospheric optics is the most efficient and where contrast of hypothetical surface features is expected to be maximum (other turbulence is basically characterized by a geometrical parameter: the length of coherence (some decimeters) and techniques of correction of the atmospheric seeing are less efficient in terms of signal-to-noise ratio). A first resolved by the coherence time constant (some milliseconds) which depend on the wavelength in such a way that adaptive led to pairs of observations (Titan-PSF) well suited for deconvolution. corrections are now quite effective in the near-infrared but not in the visible spectral range. One can take advantage of the fact that the atmospheric disturbances are nearly 3. OBSERVING PROCEDURES independent of the wavelength (Roddier and Lé na 1984) 3.1. Sampling and Timing and use the visible spectral range for probing the phase distortions.
We have observed Titan near Greatest Eastern ElongaThe ADONIS system is formed with a Shack-Hartmann tion, at the 3.6-m telescope of ESO, from September 15 wavefront sensor which characterizes the departure of the to September 19, 1994 with an infrared camera adapted actual wavefront from an ideal plan in a set of discrete to the COME-ON PLUS system, provided by MPIpoints into the pupil. The deformable mirror, the phase-Garching. The detector is a Rockwell 256 ϫ 256 HgCdTe corrector, is then actuated by linear piezo-electric motors array (1-2.5 Ȑm). The read-out noise is negligible with in order to produce inverse departures in discrete conju-respect to the photon noise and other sources of uncergated points. An alternative solution has been proposed tainty in the conditions of observation. On the other hand, by Roddier et al. (1988) based on the sensing of local the read-out electronics produces a periodical fixed-pattern curvatures of the wavefront and their compensation by noise, the so-called ''correlated noise.'' The linear scale is local curvatures of the deformable mirror. Such systems 0.05 arcsec per pixel which is sufficient for sampling the are now in use in Hawaii at the Univ. of Hawaii Telescope diffraction pattern (0.11 arcsec FWHM at 1.6 Ȑm). and at the 3.6-m Canadian French Hawaiian Telescope.
In view of achieving the best possible spatial resolution, It is possible to maximize the spatial resolution of images the recording of sets of short exposure time pictures, which obtained by means of AO thanks to a posteriori deconvolu-was made feasible thanks to the negligible level of the tion by a reference point spread function (PSF), usually read-out noise, was preferred to the recording of a small obtained by recording images of a reference star.
number of long-exposure-time images. Observations of Titan were performed using the ''modal control optimization'' functionality of ADONIS Lé na 1994, 1995) . This functionality allows one to recover the best possible image by optimizing the spatial and temporal parameters of the servo-loop correction of the AO system in terms of the observing conditions. One can roughly describe this functionality as follows: the modal control allows to discriminate the different spatial scales in the phase disturbances by use of a set of N spatial modes for the wavefront correction. The advantage of such a control is to allow the correction of only some of these modes judiciously chosen, i.e., the modes with sufficiently high signal-to-noise ratio and sufficiently long correlation time. Specific observing conditions (seeing value, correlation time, and flux from the reference source) correspond to a specific tuning of the AO system.
This also leads to a specific PSF being associated with each new modal optimization. For this reason, special attention was devoted to the use of the same optimized tuning on Titan and on the PSF calibration star. The turbulence is not stationary, and changes in the seeing and correlation speed are unpredictable. During the observations, the turbulence was monitored to search for eventual changes in correlation time and seeing conditions. When The only way to ensure that the PSF on the calibration acquisition. The units on the x axis are pixels, with a sampling of 0.05 star is as similar to as possible the PSF of Titan is to arcsec/pixel. The FWHM is 0.14 arcsec at 2.0 Ȑm, very close to the alternate the observations of the two targets at the highest diffraction limit. Notice the high degree of symmetry in the PSF, showing possible rate. This is the procedure we recommend for any that the fixed optical aberrations are well corrected by the adaptive optics observation with adaptive optics. The method has been system. The very high signal-to-noise ratio achieved in the PSF allows for a very efficient a posteriori deconvolution to be applied.
successfully employed during the reported run and has 
Filters
variations. A small but significant part of the signal recorded in these filters is due to the stratosphere, resulting We used a set of narrow-band filters in the K, H, and J from backscattering by the stratospheric haze which is bands (2.0, 1.6, and 1.28 Ȑm). Specific filters have been known to have a nonuniform but smooth distribution over defined (K1, H1, and J1) in order to maximize the contribu-Titan's disk and which is thus expected to reduce the appartion of the light reflected by Titan's surface into the total ent contrast of the expected surface structures. For removsignal recorded at the center of the 2.0, 1.6, and 1.28-Ȑm ing this stratospheric contribution in the images, in order transparency windows of Titan's atmosphere. In K1, the to improve the visibility of ground features, images have contribution of the surface is expected to reach 30% of the been recorded in adjacent narrow-band filters (K2, H2, total outgoing flux while the scattering optical depth is less J2) in the wings of the strong methane bands, where the than 0.1. As a consequence of this low scattering optical outgoing flux is entirely due to the stratosphere. The wavedepth, surface features, if any, could be imaged without length difference between bands-1 and bands-2 is assumed suffering an important degradation in contrast, but the to be sufficiently small as to have a negligible effect on signal is quite faint due to the slope of the solar spectrum. the scattering properties of the stratosphere (this is conIn H1 and J1, the recorded flux is larger by an order of firmed by a large similarity between our H2 and K2 images, magnitude but the contribution from the ground is not as it will be discussed later). Images in bands-2 have been expected to be, in percentage, as large as in K1, and some recorded for every bands-1 set of observations. contrast decrease could be experienced due to an expected scattering optical depth of 0.3-1.0. These estimated values 3.3. The Observational Strategy are derived from the definition phase of the DISR instrument of the Cassini-Huygens mission (Tomasko et al.
The image of Titan is focused onto one of the four adjacent quadrants (frames) forming the IR detector array. 1984) and from more recent studies (McKay et al. 1989 , Toon et al. 1992 , Griffith 1993 . In all filters, the major Then the servo-control of the adaptive optics is activated.
Some tens of exposures (10 to 40 in most cases) with an contribution is due to scattering in the middle and lower atmosphere. If they exist, large tropospheric cloud struc-elementary exposure time of some seconds (e.g., 2 sec in K1 and 10 sec in K2) are achieved and independently tures would thus be observed in this part of the atmosphere which, in any case, is responsible for global center-to-limb recorded in the computer memory. Then an ''on-off'' mir-
FIG. 3.
Examples of calculated normalized intensities as a function of the angle from the image center using McKay et al. (1989, adapted) radiative transfer code (with the cloud optical depth, the surface albedo, and the methane absorption coefficients as parameters) at (a) 2 and (b) 2.2 Ȑm to correct for center-to-limb effects on our deconvoluted images.
ror translates the image of Titan onto another quadrant During the recording of a Titan image, the sky brightness is recorded simultaneously on the adjacent quadrant where of the detector. A new set of recordings is achieved with the same parameters (filter, exposure time, number of ex-the image of Titan will be moved by the on-off technique and vice-versa. As a result, the sky contribution, which may posures). This cycle is repeated at least twice.
This observing procedure presents several advantages. vary quite rapidly in the near IR, is efficiently measured by this interweaving method and can easily be subtracted from cated data processing, we shall first present and discuss intermediate results (prior to any sophisticated treatment). the images. The elementary exposures are then coadded and the basic cycle of observation results into two elementary images of Titan onto two different parts of the IR detector 4.1. Flat-Fields array. Thus, these two elementary images cannot suffer from
The search for surface features at a contrast level from identical distortions resulting from hypothetical incomplete a few percent to 30% at most and with subarcsec size or erroneous corrections of the pixel-to-pixel sensitivity implies determination of the pixel-to-pixel sensitivity variavariations in the flat-fielding process. As a consequence, sim-tions on the detector array at an even higher level of acilarities of observed common morphological details on these curacy. two images are undoubtedly highly significant.
The observing and data reduction procedures lead to We then record an image of a star, at a short angular dis-one sensitivity map per observing night. We have thus tance from Titan, of the same brightness and close to the obtained, in 1994, four independent maps. We can estimate solar stellar type, with the same sequence of observations, the accuracy of these maps from a statistical analysis of with similar exposure time, and in the same filter. The use the differences between two independent maps. The mean of these stellar images as point spread functions should lead value of such a difference must be zero and the value of to further improvement of the spatial resolution by means of a given pixel is related to the errors on the determination an a posteriori deconvolution process, provided sufficiently of the true value of the pixel sensitivity and to the quadratic high signal-to-noise ratios are available.
addition of the photon noise. The mean accuracy of the The complete sequence can be repeated identically or sensitivity map may be estimated from the histograms of through another filter. Using this observational approach, all the pixel values obtained for the differences of two the total observing time was 4 to 5 hr per night centered independent maps. Such histograms can be built for the around Titan's culmination.
set of sensitivity maps differences. As a result, these histograms are highly symmetrical with very similar r.m.s., so 3.4. Flat Fielding that it seems reasonable to define an ''optimal flat field'' Flat fields can be obtained by two different methods. from the mean of the four sensitivity maps. The final uncerThe first method is by imaging the bright sky at zenith tainty on the sensitivity of a pixel is then about 2%. before twilight with 30-to 60-sec exposure times in the It is also of interest to analyze the statistical spatial different filters. The dark current pattern must be recorded distribution of the sensitivity uncertainties onto the detecduring the same exposure time in order to avoid any non-tor in order to ensure that any observed features on Titan's linear effect. Another method is to add all the elementary images cannot be due to spots of adjacent poorly corrected observations excluding the quadrants where Titan or a star pixels. Isophots of the differences of independent sensitivwere recorded. This requires the recording of a set of dark ity maps show that such an occurrence is very unlikely. current patterns with the same elementary exposure times.
In conclusion, we find the sensitivity map of the detector to be defined with a mean accuracy of 2% or better and 3.5. Reduction and Processing of the Data that aggregates of erroneously corrected pixels exceeding The elementary images are processed in the usual way. a unique pixel in size and 3-4% in contrast, are very imDead pixels and cosmic impact traces are eliminated, the probable. In reality, this conclusion is very conservative fixed noise pattern is filtered by Fourier Transform, and since every first-level processed image of Titan is formed a flat-field correction is applied. Then these ''first-level from a couple of images recorded onto two different quadprocessed'' images are deconvoluted by the corresponding rants of the detector which cannot suffer similar poor cor-PSF which have also been first-level processed. In a subse-rections, if any, of flat-fielding defects and since, moreover, quent step, center-to-limb effects are removed from the the successive Titan images were slightly shifted on the dedeconvoluted images from models. Finally, the strato-tector. spheric haze contribution is subtracted from the band-1 images using the band-2 data. The steps of this processing 4.2. First-Level Processed Images will be discussed in more detail in Section 5.
The observations were scheduled during five consecutive Hereafter we concentrate on our 2.0-and 2.2-Ȑm imnights. The second night was lost due to weather condiages only.
tions. The real-time correction provided by the adaptive optics was very efficient. We have obtained images, for 4. RESULTS FROM RAW DATA AT most of the 1994 observing run, with Strehl ratios ranging FIRST-PROCESSED LEVEL from 0.2 to 0.6 without a posteriori deconvolution. (Let it be reminded that the Strehl ratio is the intensity at the Because we report on new data resulting from advanced optics that use high-technology IR detectors and sophisti-peak of the actual seeing disk of a star divided by the intensity at the peak of the ideal Airy diffraction pattern. possible to devote to stellar images, the signal-to-noise ratios on the PSFs are very high, so that an a posteriori In a very good observing site the nominal Strehl ratio is usually less than 0.05, even in the near infrared (Babcock 1990) .) deconvolution of the first-level processed images is expected to be efficient. Figure 1 shows a typical PSF. Its sharpness is remarkable. Its high level of symmetry indicates that the fixed optical Using the deconvolution methods described here, we have obtained statistically reasonable solutions to the deaberrations of the telescope and associated optics are well compensated. As a consequence first-level processed Titan convolution problem in adaptive optics. Our analysis is based on some hypotheses, which are not always satisfied, images are fully significant by themselves even before deconvolution, and it may be useful to present and discuss but we have applied a number of independent methods giving the same results, which reinforces the credibility of briefly these images in order to have a basis for comparison with further final-processed deconvoluted images. our findings. In the subsequent figures, we have plotted the results of the deconvolution method of maximum entropy, The K2 images of Titan processed at first level before deconvolution are already characterized by a large hemi-unless otherwise indicated. All methods give, however, coherent and quite similar results. We hereafter briefly spherical asymmetry. The southern hemisphere is brighter than the northern by 20-30% (Fig. 2) . The bright zone describe the deconvolution methods used with our data extends closer to the equator toward the western limb. A and which are contained in the IDOLA package especially dark spot can be seen in the northeast part of the frame. developed for the reduction and analysis of the ADONIS The time dependence of the morphology in the K2 spectral adaptive optics data (information on IDOLA is available band is faint as deduced from 1993 and 1994 images com-on www.despa.obspm.fr). parison. At a day-to-day rate, the stratospheric morphol-
The first two methods applied on our data set are basic ogy appears to be very stable. The north-south asymmetry deconvolution procedures such as inverse filtering and inversion with respect to Voyager 1 observations was ex-Wiener filtering. Inverse filtering can be used to compute pected, as recalled previously. a first approximation of the object. This method is not The K1 images of Titan differ significantly from the K2 correct because it assumes that deconvolution is a linear images. A bright region can be observed, even at this first-problem (which is, of course, not true) and because it does level processing step, close to the equator, centered at a lati-not account for the stochastic characteristics of the signal. tude of 13Њ south and at a longitude close to 114Њ (Fig. 2) . In practice, this method magnifies the noise in the restored Some fainter bright features can be observed in the SW and image, but the result can be improved using a low-pass in the northern hemisphere. There is no need to describe filter. Because this is a noniterative deconvolution method, these features in more details at this level, our purpose being a restored image can be rapidly obtained. The Wiener only to have a comparison basis for discussing the final de-filtering method minimizes, in a least-mean-square sense, convoluted images. It may be noticed that this bright feature the difference between the mathematic expectation of the and the associated features can be seen on every set of im-solution and the restored image. It is a noniterative deconages and that over three consecutive nights the displacement volution method, so it is rapid. Wiener filtering requires of this bright spot is quite similar to what would be expected some knowledge of the spectral density of the real object from the rotation period of Titan even before corrections of and it assumes that the image has been perturbed by an center-to-limb effects. This bright feature has been attrib-additive gaussian white noise (it is possible to demonstrate uted to actual variations of Titan's surface albedo (Combes that Wiener filtering is theoretically correct in the case et al. 1995a, 1995b, 1996a, 1996b) .
of a signal-dependent noise, like photonic noise: see for example Kondo et al. 1977) . We have used the simplest 5. COMPLETE DATA PROCESSING method to obtain a restored image using Wiener filtering, which consists of replacing the spectral density of the object 5.1. Deconvolution by a constant value (so we assume that the signal is white) and in adjusting it. If we choose a small value for this Due to the effectiveness of the AO, the PSFs are very sharp, and due to the significant observing time that was constant the high frequencies will be underestimated in Fig. 2 but fully processed images. These images were deconvoluted by the associated PSF using the maximum entropy method and compensated for the center-to-limb effects. Note the hemispheric asymmetry in the K2 image (more sensitive to the atmospheric contribution than K1 because taken in the methane band), and in particular the bright south limb in the K2 image (probably due to a strong aerosol concentration in this area-see text). The K1 image (corresponding to the center of the 2.0 atmospheric window) allows us to probe deeper into the atmosphere and surface and exhibits an additional bright feature near the equator. Also shown is Titan's surface at 2.0 and 2.2 Ȑm obtained by smoothing the K1 and K2 images of the previous figure. The vertical cut performed on this images shows the contrast achieved to be about 30%. the restored image and the method will magnify the noise. probability to have generated the data. This method converges toward the most likely solution (in the maximum The Wiener filtering method seems to be a reasonable and quick solution to the deconvolution problem, but the likelihood sense). It is a very attractive method because it preserves the global flux and the positivity of the image restored images have poor resolution.
FIG. 4. Same as
The more sophisticated and iterative methods applied and it is relatively resistant to noise. However it is somewhat slow because it requires two convolutions (four Fouon our data include the Richardson-Lucy (maximum likelihood) and the maximum entropy methods. The Richard-rier transforms) per iteration. In order to improve the convergence of the algorithm, we have used a regularizason-Lucy is an iterative deconvolution algorithm based on the maximum likelihood principle. It consists in choos-tion method (Starck et al. 1994) . The regularization for an additive signal-independent gaussian white noise is based ing the distribution of intensities which have the maximum September 14 and 16 and (b) September 17 and 18. Note the pronounced bright region near the equator on the night of September 16 and afterwards, moving at the rate expected for a synchronous rotation of Titan from west to east (left to right). On the first night the bright spot is not visible yet and a north-south morphology can be observed, similar to that found on the trailing side in 1995 data (Fig. 8). on the so-called ''à trous'' wavelet transform. It consists more precisions, see Starck and Murtagh (1993) . The maximum entropy method (MEM) algorithm follows from a of a 3 k clipping ( k is the standard deviation of the noise at scale k) in the different frequency planes of the wavelet Baysian approach of the deconvolution problem. MEM supposes that the most likely solution, taking into account transform of the residual computed at each iteration. For the positivity and the finite support constraints, is the one tions; it is estimated from the model used in Section 5.2.
The model is admittedly subject to uncertainties because, which has the maximum entropy (the entropy gives an idea of the amount of information). The method converges for one thing, the haze is assumed to be constant with latitude which is evidently not the case. The nominal ratio toward the estimation which minimizes a data connection function and a parameter of regularization. Usually, the value was found to be 3.85. The ratio of the exposure times is accurately known. images restored with MEM have better resolution than those obtained with the Richardson-Lucy algorithm.
For exposure times of 2 sec in K1 and 10 sec in K2, the value of f is estimated to be 2.8 with an uncertainty of Ϯ20%. Practically, varying f from 2.25 to 3.75 results in a 5.2. Modeling of the Haze and Center-to-Limb Effects variation in the contrast of the observed surface features We have used the McKay et al. (1989) radiative transfer but does not affect their positions nor their shapes. The code which includes scattering and computes Titan's geo-practical solution used here is the simplest and best way metric albedo. Given a nominal methane absorption coef-that we are aware of for removing haze effects from the ficient for each wavelength (k CH4 ) taken from laboratory K1 image. measurements (Strong et al. 1993) , This procedure allows subtraction of the stratospheric have inferred Titan's surface albedos deduced from geo-haze, but no more. The resulting (K1 Ϫ f ϫ K2) images conmetric albedo values resulting from CFHT Fourier trans-tain the contribution of deep haze (which is not probed in form spectrographic data taken since 1991. The atmo-K2 due to the methane absorption), the contribution of the sphere as a whole can have a positive or a negative low atmosphere and in particular of tropospheric clouds, if contribution to the total backscattered flux. In the Lam-they exist, and of surface structures. The way to discriminate bertian approximation, the surface albedo is equal to 3/2 between the altitudes of observed morphological structures times the geometric albedo. The calculations show that the is to observe their time evolution: clearly the surface feaatmosphere lowers the total albedo at 1.3 Ȑm and increases tures will move, from night to night, at the rate of the rotait at other wavelengths for the nominal values of k CH4 .
tion period of the planetary body. The tropospheric wind The surface albedo values are then used to model limb velocity is expected to be large enough to induce discernible effects (with an adapted version of the McKay et al. code) displacements with respect to the solid body rotation within on the Titan images in terms of the radiance expected as one or two consecutive nights. The high-altitude wind veloca function of the angle from the center of the image (Figs. ity is expected to be much larger. 3a and 3b). We use the surface albedo, the k CH4 , and the haze production rate as parameters and derive the 6. RESULTS expected limb effect, and then we correct for it on the deconvoluted images.
The K1 and K2 deconvoluted images (Fig. 4 ) are entirely consistent with the first-level processed images with, as 5.3. Atmospheric Contribution Subtraction expected, more resolved and accentuated morphological details, which were only suspected at the first-level proAs mentioned previously, a small but significant contribution to the K1 images is due to the stratospheric haze. cessing, but without ''unexpected'' subtle new features introduced. This fact tends to support the conclusion that This contribution is removed by subtracting, from the K1 images, a component proportional to the K2 images which the used deconvolution procedure, thanks to the high signal-to-noise ratios of our image, does not introduce artiare entirely due to the stratospheric backscattered flux. We assume that the difference in wavelength (nearly 0.1 facts. As an expected result of the deconvolution process, the contrast of the surface marks is increased and Ȑm) between K1 and K2 has a negligible effect on the absorbing and scattering properties of the haze. The simi-reaches 30%.
The deconvoluted images exhibit a limb-darkening conlarity between K2 and H2 images (Combes et al. 1997) tends to support this assumption. sistent with our modeling at these wavelengths which predicts a 10-20% limb darkening for emission angles larger An estimate of the proportionality coefficient f is achieved by taking into account, for both bands, the ratios than 50Њ in K2, where the methane absorption is large (about 70 (km-Am) Ϫ1 , Strong et al. 1993 ) and a very slight of the transmissions of the filters, the Earth atmospheric transmissions, the incoming solar fluxes, the transmissions limb-darkening in K1, where the methane absorption is low (about 0.04 (km-Am)
Ϫ1
), as explained in 5.2. It is then of Titan's stratosphere above the level of the haze, and the exposure times. The first term can be deduced from justified that the center-to-limb effects have been indeed compensated with this modeling. Note however that the calibration data of the filters. The Earth transmissions and solar fluxes are taken from the literature. They are close correction is not perfect since the methane abundance, as well as the haze altitude and latitudinal distribution, are to unity. The ratio of the stratospheric transmissions is more important due to the difference in methane absorp-not well known and assumed to be constant in our model.
The final subtracted (K1 Ϫ f ϫ K2) images of the leading cantly brighter at all longitudes than the dark material covering most of Titan's surface, with the North Pole brighter hemisphere show a well-defined equatorial bright spot associated with smaller and fainter features at high latitudes by about a factor of 2 with respect to the South Pole. This difference with HST images could be due, first, to the large in both hemispheres forming an extended bright region surrounded by a dark zone (Fig. 5) . Furthermore, the bright optical depth of Titan's atmosphere at 1 Ȑm near the limb, impeding the mapping of high-latitude regions, and second equatorial feature is spatially resolved in three marks. All of these spots are rotating at the expected rotation rate of (and more importantly), to the data processing procedure applied to the HST images which tends to eliminate zonally Titan's solid body with an accuracy better than one pixel over consecutive nights, which is better than the detection symmetric features (Smith et al. 1996) . limit of the instrument. So they can be definitely attributed to ground features ( Fig. 6a and 6b ).
DISCUSSION
Our images are in good agreement both on the location and the global shape of the bright feature with HST images
The ADONIS spatially resolved images of Titan presented in this paper, their complete agreement with HST (Smith et al. 1996) obtained also in Titan's atmospheric transparent windows at 0.94 and 1.08 Ȑm (Fig. 7) . As ex-observations by P. Smith and colleagues, and the precise coincidence of the displacement rate of the observed feapected from the scattering properties of the atmosphere and its aerosols the contrast of the observed surface spots tures with the expected rotation period of Titan's solid body lead to the clear conclusion that Titan's surface is is higher in our near-IR images (about 30%) than in HST images (about 10%). The spatial resolution of the HST undoubtedly heterogeneous. This confirms the interpretation of spatially nonresolved observations from radar or undeconvoluted images at 1 Ȑm obtained with a 2.4-m telescope is similar to the resolution of our deconvoluted near-infrared photometric and spectroscopic data. The spatially resolved images from ADONIS show that the images obtained at 2 Ȑm with a 3.6-m telescope. Most importantly, these two entirely independent observational surface heterogeneity is quite complex. The revealed morphology exhibits further details at the level of the best sets are in very good agreement, firmly establishing the reality of the observed surface features.
achievable resolving power and with important albedo contrasts. It appears that the bright regions are concentrated Two differences, not divergences, between HST and ADONIS images can be noted: in a basically continuous area surrounded by darker ''terrains'' covering most of Titan's surface. On the other hand, the resolved images presented in this paper show that if • The equatorial bright spot is spatially resolved into several ''peaks'' in our deconvoluted images. This might the bright region is clearly located in the leading side it is far from covering an entire hemisphere. be due to the higher contrast achieved at 2 Ȑm (Fig. 5) ;
• The images of Titan's trailing side are mainly featureThe model of a global ocean formed from liquid methane mixed with ethane, other liquid hydrocarbons, and nitroless in HST observations. In the 1995 ADONIS data, they show a significant north-south asymmetry, after removing gen, as supported by Lunine et al. (1983) and others, based on Voyager data, thermodynamical evidences, and estithe stratospheric contribution (Fig. 8) . A bright region can be observed at high northern latitudes (Ͼ40ЊN) on Titan's mated photochemical production rates, must be ruled out.
While the theoretical considerations by Sagan and Dermott surface and a dimmer bright region seems also present at high southern latitudes (Ͼ30ЊS). The zonal bright regions (1982) relative to the tidal dissipation of the eccentricity of the orbit of Titan, which supported the concept of a are also observed in our 1994 images of the leading side on the first observing night when the equatorial bright spot ''global'' ocean, were recently revised (Sagan and Dermott 1995) , the fact that methane and ethane are liquid at the is not yet observable, or on the following nights if the bright spot is ''masked'' in the data processing in order to temperature and pressure conditions of Titan's surface and that a methane reservoir is needed to account for the presincrease contrasts. This north-south feature appears then to be confirmed in the first data reduction of our 1995 images ent state of Titan's atmosphere remain severe constraints for any modeling of this body's surface. These liquid hydrowhich are related to Titan's trailing hemisphere and in our 1994 leading side images. They do not seem to result from carbons may be present in large basins or lakes at Titan's surface or be intimately mixed in a porous regolith of a systematic effect of the data-reduction procedure, and in particular of the K2 images subtraction or of the center-to-ices and organics in a subsurface reservoir. These various possibilities should result in different morphological signalimb darkening, since the northern polar zone is the brightest while the southern hemisphere is brighter in K2 and be-tures which might be observed in our resolved images.
Liquid CH 4 and C 2 H 6 are very strong absorbers in the cause our model for center-to-limb darkening is fully symmetrical. It is reasonable then, as a preliminary conclusion, 2.1-Ȑm region. In principle, the IR flux in this window should be entirely absorbed by liquid hydrocarbons, with to assume that-with the exception of the bright equatorial spot-the near polar regions of Titan's surface are signifi-the possible exception of liquid hydrocarbons deeply mixed with organic aerosols limiting the penetration of the IR though the uncertainties on the data are too large for a firm identification and the existing models on the origin flux, which may not be very different in consistence from a porous regolith. So ''clean'' liquid hydrocarbons basins and evolution of Titan could not easily account for such a large superficial abundance of silicates. Note that the or lakes should appear as very dark features in our images. Our data do not support the presence of such large struc-available spatially resolved and spectroscopic infrared data, as well as radar data (Muhleman et al. 1995) , are not tures of free liquid hydrocarbons at Titan's surface on the leading hemisphere even in the ''dark'' regions, which are compatible with the presence of a large amount of free liquid hydrocarbons but do not exclude that Titan's surface not so dark when compared to other Solar System objects .
be basically covered by a hydrated and maybe silicatecovered regolith containing or masking buried liquid hyThe nature of these dark regions is not yet understood. The related albedo is not sufficiently low to be due to drocarbons.
The nature of the bright south-to-equator region clearly liquid hydrocarbon large structures as said before, but is not incompatible with a net of spatially unresolved struc-seen in our spatially resolved images is also poorly understood. Several explanations have been proposed; e.g., icier tures retaining liquid hydrocarbons. The spectroscopic data in the near-infrared range are consistent with the terrains providing higher albedos, soils washed by methane rainfalls eliminating dark organic deposits, elevated mounpresence of organics like tholins, which would be expected to accumulate on the ground as a result of the photochemi-tains or plateaus appearing brighter due to lower atmospheric absorption, high reflecting tropospheric clouds, cal long-term activity of Titan atmosphere, and which are bright and exhibit a flat spectrum in the infrared range of chemical species like CO 2 or CO ice, or cataclysmic cratering impacts revealing the deep bright subsurface layers. relevance here (Khare et al. 1984 . Furthermore, the near-infrared spectroscopic data suggest Clearly, our data are not sufficient by themselves to resolve the question. that water ice seems to be quite uniformly present on Titan's surface . These infrared data Nevertheless, we can conclude from our data and from preliminary analysis of resolved images at higher spectrocould also be consistent with a large coverage of Titan's surface by anhydrous silicates (Coustenis et al. 1994 ) al-scopic resolution (CVF, R ϭ 60), which will be published in a forthcoming paper, that (a) the observed morphology nor of CO and CO 2 ices. Furthermore, Coustenis et al. (1997) have shown that even very highly elevated terrains is very stable with time; (b) there is no evidence for cloud structures, which does not support the probability of fre-cannot account for the observed data in the lack of simultaneous important additional albedo variations. So there is quent rainfalls, (c) the observed albedo contrasts appear unchanged in the H 2 O, CO and CO 2 absorption bands at no obvious explanation of the nature of the bright regions on Titan. 2 Ȑm, which does not favor the hypothesis of icier terrains
We suggest (in a combined analysis with the results of ACKNOWLEDGMENTS Coustenis et al. 1997 ) that the morphological structures
